Abstract-Users of perception systems in industrial manufacturing applications need standardized, third party ground truth procedures to validate system performance before deployment. Many manufacturing robotic applications require parts and assemblies to be perceived, inspected or grasped. These applications need accurate perception of object pose to six degrees of freedom (6DOF) in X, Y, Z position with roll, pitch and yaw. A standardized 6DOF ground truth system should include test procedures, algorithms, artifacts, fixtures, and measurement equipment. Each of them must be openly documented so manufacturers, vendors, and researchers can recreate and apply the procedures. This article reports on efforts to develop an industrial standard for 6DOF pose measurement. It includes the design of test methods using a laser-tracker, an aluminum fixture pose fixture, and a modular, medium density fiberboard (MDF) pose fixture.
INTRODUCTION
Robust perception is critical for industrial robotics [1] . Currently, most manufacturing robots operate blindly in highly predictable environments, performing their tasks by grasping parts presented in rigid fixtures. To operate adaptably and flexibly in unstructured environments, robots need reliable, accurate, non-contact sensing to perceive the identity, location, and pose of objects. Furthermore, users in manufacturing need convincing verification of a vision system's reliability and accuracy, before deployment.
For manufacturers, this verification is best established through third-party, well-documented standards that can be used to validate vendor claims, carry out acceptance testing against user requirements, and support research and development. Perception system vendors often report performance figures; but, this is usually with vaguely documented, proprietary testing methods that are not easy to compare across systems. Public, well-documented test procedures developed through consensus in standards committees offer manufacturers a familiar and solid basis for evaluation of perception systems and algorithms.
ASTM Working Group 31638, under Subcommittee E57.02 on Test Methods, developed the standard ASTM E2919-13, "Test Method for Evaluating the Performance of Systems that Measure Static, Six Degrees of Freedom (6DOF), Pose." The standard establishes required measurement science including test procedures, artifacts, metrics, and recommended equipment for evaluating static, non-contact six degrees of freedom (6DOF) pose perception systems. 6DOF pose perception means locating an object to position (X, Y, Z) and orientation (pitch, roll and yaw). The test procedure for 6DOF will compare 6DOF estimates computed by a system under test to 6DOF ground truth values from a reference standard system with established accuracy. The test will be conducted under controlled conditions with user specified artifacts and characteristics so as to compute performance metrics. The 6DOF standard also requires a mathematical framework to compute these metrics.
Establishing a ground-truth measurement system as a reference standard requires extensive work and the use of measurement tools and techniques in validating its uncertainty. As a general rule, a ground-truth system (GTS) must be at least an order of magnitude more accurate than the system under test (SUT). As a practical matter, the reference standard system may be very expensive to purchase and/or apply. It is used primarily to establish the performance of a transfer standard system that can be used in the field. This leads to traceability standards that establish a solid chain of comparisons from reference standard, to transfer standard, and, finally, to the system under test.
For industrial applications, standard test procedures have advantages over ground-truth databases. A fixed database of imaged objects or scenes, annotated with ground truth, can be exceedingly useful for researchers to fine-tune and compare algorithms. However, the data is tied to a fixed set of sensors and objects. In contrast, a test procedure allows researchers, developers, and users to generate new data with new sensors, new artifacts, and new conditions. The procedures are sensor agnostic and remain relevant as sensor technology advances.
Key to the standard is that the optical (or radiometric) properties of the sensor and object are not specified and not inherent to the test procedure, as the procedure only dictates the establishment of geometrical relationships between the sensor and object. Other variables, such as the nature of the object(s) tested or the lighting and environmental conditions, can be set by the user according to their requirements. Industrial users can evaluate vision systems and algorithms on their own unique objects under environmental conditions found in their plants. Moreover, because they are using a standardized process, they can have more confidence in the resulting data. Manufacturers can ask vision system vendors to report performance using consensus procedures and metrics. If needed, the manufacturers can use them to generate proprietary data, with proprietary objects and conditions, for internal use.
This paper reports on efforts to establish ground-truth reference and transfer standards for 6DOF pose. Different measurement tools and procedures are presented and compared based on accuracy, measurement uncertainty, and expense. The tools include (1) a laser tracker, which is highly accurate but expensive and complex to operate (2) an aluminum fixture, which is less accurate and less flexible, but also less expensive and less complex to operate, and (3) a medium density fiberboard (MDF) system, which shares many characteristics with the aluminum system but is even less expensive and can be duplicated easily. The goal of this paper is to develop practical measurement techniques that can assist manufacturers, vendors, and researchers in evaluating perception systems for industrial robotics.
II. RELATED WORK
The established literature of 3D pose estimation is extensive. Providing an overview of its breadth, however, is beyond the scope of this report. Instead, the focus of this study is on the test methods used to evaluate such systems.
A. Ground Truth
Establishing ground truth is a challenging task. Yet, it is the most crucial component of evaluating the performance of a pose measurement system. The evaluation of many novel systems is based on human-annotated ground truth with respect to some percentage confidence value. Such practices are common with data sets for which accurate ground truth is either non-existant or is otherwise impractical or impossible to define. Examples of such scenarios include video feeds of human data (e.g., [2] ) and large scale scene modeling (e.g., [3] ). Other approaches utilize the power and control of modern simulation technologies to effectively generate ground truth and sensor data virtually (e.g., [4] ). Such methods can provide perfect ground truth and can be used to easily evaluate robustness to random noise. Unfirtunately, they but are currently limited in their fidelity and the sensor types they can model.
With rigid, well-defined parts on smaller scales, ground truth may be established by direct measurement using tools with known, rigid transformations to an established coordinate frame origin (e.g., using coordinate-measurement machines as described in [5] , high-precision laser measurement systems [6] , or motion capture devices [7] ). Ground truth may also be provided by means of controlling how test artifacts are presented to systems under test. A fixture or robotic mechanism can present an object in a pose known to the party conducting the test, but unknown to the SUT and its operator. The ground truth pose is given in advance by the fixture configuration. A fixture which allows more poses, more precisely, will be superior. In [8] , a high-precision, pan-tilt mechanism was used to present objects in known poses. In [18] , the authors placed the objects on a board to which an augmented reality (AR) tag was attached, and the AR tag pose was used for ground truth. The uncertainty of the AR tag was not reported in the paper, and the displacement of the object to the AR tag was measured by hand, so the overall uncertaintly is unknown. In [9] , the authors detailed the design and evaluation of fixture-based grouth truth with known uncertainties. The systems from [9] are discussed in Section 3.
B. Evaluation metrics
In 3D, the pose accuracy of rigid objects is traditionally evaluated by assessing the relative Euclidean distance of the object's established coordinate origin as a measurement offset (or error) from the ground truth. Values are reported as distance error measurements (e.g., [10] ), or as a percentage of some maximum permissible error for a sensor system (e.g., [11] ). Provided a known transformation exists between the ground truth coordinate frame and that of the system under test, absolute X, Y, and Z coordinate errors may also be evaluated (e.g., [12] ). Similarly, given a known, rigid transformation from the ground truth to the system under test, rotational errors may be evaluated in a number of representations -though axisangle representations and Euler angles (e.g., [13] ) are most common for static systems. When a rigid transformation between the ground truth and system under test is not known, however, one can assess errors only in terms of the relative measured transformations from one pose to another (e.g., [10] ). For relative pose assessment, one makes a measurement at one lcoation, then moves the object a known displacement, and makes a measurement at the new location. The differences in the measured poses can be compared to the known poses. Both absolute and relative pose measurement evaluations are provided in ASTM E2919-13.
C. Artifacts
The selection of artifacts for system evaluation has an impact on the performance of model-based and shape-based pose measurement systems. Objects may be selected for their utility in an application, or for particular shape or surface properties. Because WK31638 is written for general application with the needs and applications of users in mind, it does not define any artifacts for use with the test method. Ongoing standards efforts, however, are looking into the possibility of generating or adopting a set of artifacts that are representative of the common uses of pose measurement systems [15] . For standard artifacts, we may want a range of shape and surface features. It is helpful, but not essential, that reference objects provide unambiguous views and minimize symmetry. Symmetrical geometrical shapes such as spheres and cubes do not provide unique solutions from all viewing angles. One such reference object, the reduced pose ambiguity cuboctohedron (RPAC) [14] (Figure 1 ), minimizes pose measurement errors over all poses.
III. GROUND TRUTH SYSTEMS
Three ground-truth systems were described in [9] . One is a highly accurate, sensor-based system suitable for use as a reference standard. The other two are fixture-based systems suitable for use as transfer standards. A brief overview of each is provided here. The sensor-based ground truth provides the highest accuracy; but, it is labor intensive and expensive. In contrast, the two fixture-based systems are cheaper and provide fast and convenient means for generating ground truth; but, they suffer from increased measurement uncertainty.
A. Sensor-based systems: laser tracker
The laser tracker system is shown with its active target in a testing configuration in Figure 2 To compensate for the single-target limitation, setup complexity, and, cost of the Laser Tracker system, a portable aluminum mechanical fixture GTS (GT2011) was developed to support several manufacturing part artifacts simultaneously. GT2011, shown in Figure 3 , was designed to (1) generate repeatable ground truth artifact poses, and (2) then provide this pose data in the form of known homogeneous transformation matrices for algorithm evaluation. The aluminum construction provides stiff transformations and limits wear from repeated use.
GT2011 consisted of a modular aluminum frame that holds the sensor under test on a vertical arm. The sensor mount has adjustments to vary the sensor horizontal and vertical offsets relative to the rotation plate mounted to the base via a slew bearing. The rotation plate has four sets of alignment-hole pairs that can accept both mechanical offset fixtures (which varies the artifact's tilt) and modular manufacturing part artifacts. The alignment holes enable each offset fixture to be rotated to eight irregular angle intervals. The base plate also rotates at 10° increments using a ball plunger quick lock mechanism. Up to four artifacts can be placed on the rotation plate simultaneously. The fixture's provides comparatively high accuracy, but has limited range.
C. Fixture-based system: GT2012
The range and number of position offsets for GT2011 is limited by the rotational base, which constituted most of the construction cost. In contrast, the MDF mechanical fixture system (GT2012, Figure 4 ) was designed to increase modularity while decreasing production cost. GT2012 was designed using a lightweight, low-cost material and was produced using third-party manufacturing services. The opensource design can be kept on file at third-party services so users can order it on demand.
The GT2012 system is constructed from 6.4 mm MDF using a laser cutter. Its modular design allows it to be 
Range (XY)
± 320º azimuth -60º -77º elevation 0 -0.25 m Unlimited*
Cost (US$)
$150 000 $4000 $400 * Theoretical; due to the modular design of the fixture, the larger the area spanned by the objects over the fixture, the greater the pose uncertainties.
Figure 5. Relationship of sensors and coordinate systems
assembled similar to a puzzle, enabling scalability from simple to complex artifact groupings. Each base piece accepts (1) a fixture assembly containing two rotational keys, each containing twelve angular increments and (2) an angular tower for adjusting Z offset, roll, pitch, and yaw of a mounted artifact. Each mechanical offset fixture integrates two rotation keys: one to integrate with the modular expansion components and the other to accommodate individual artifact mounting and rotation. Each key contains twelve rotation increments of 30º, and a preset angular tilt angle.
In contrast with the GT2011 design, the tolerances of GT2012 are far less rigid, and the material properties of MDF allows for faster wear (and increased measurement uncertainty) from repeated use. Relative positioning errors of the ground truth are attributed to the laser cutting process, which produced a kerf of approximately 0.2 mm.
D. Comparing the three ground truth systems
The performances and utilities of the three GTSs are summarized in Tables 1 and 2 . The laser tracker is the most accurate, but also most expensive and complex. GT2012 is the least expensive and easiest to distribute, but is significantly less accurate. The usefulness of each GTS depends on the required accuracy for the intended application, such as part acquisition or inspection.
The data in Table 1 were collected by experiment. The accuracy values for the laser tracker were determined by the ASME B89. 4 
.19-2006 standard (Performance Evaluation of Laser-Based Spherical Coordinate Measurement Systems).
which gives vendor-independent procedures for testing. The GT2011 and GT2012 values were measured by the laser tracker. For the GT2011, the laser tracker active target was used to measure four positions on the baseplate with 32 measurements take at each sample position. For the GT2012, the laser tracker active target was placed in 15 different positions of the fixure, and 30 measurements taken for each. In both cases the mean error was computed from the nominal expected positions.
Progress in sensor and perception algorithm technology may outstrip the accuracy of particular ground truth approaches. The two fixture systems described here, GT2011 and GT2012, have mean translation errors of around 0.5 mm. Multiview structure from motion (STFM) systems have demonstrated object reconstruction errors at or better than 0.5 mm, on the same order of magnitude as the fixtures. However, the fixtures remain relevant for multiple reasons. First, commerical systems are not yet demonstrating that accuracyit would be a significant advance to have a robust, generalpurpose, non-contact 6DOF object pose perception system uniformly accurate to 5 mm or better. Second, industrial requirements for robotic manipulation can be served in many applications by systems accurate to a centimeter. New algorithms based on low-cost sensors may be less accurate than the best STFM but still have industrial applications, and so worth testing with the current fixtures.
IV. APPLICATIONS OF 6DOF GROUND TRUTH
We have used the ground truth systems to support research challenges and the development of standard test procedures. Both applications use the same framework. Using the test procedures [16] under development for ASTM, a selected test object is to be placed in one of 32 randomly allocated test poses within a predetermined volume, viewed by both the system under test (SUT) and the GTS as in To enable the measurement and evaluation of absolute pose, a sensor-based solution requires a homogeneous transformation registering the GTS to the SUT in space (e.g., [17] ).
In comparison, for a fixture-based GTS, the transformation from the fixture to the object is given inherently by the fixture set-up. There is an extra step to estimate the position of the fixture base relative to the SUT ( ! ! ). If unknown, a relative pose procedure can be used. Fiducial marks can be put on the fixture for a separate GTS, or the SUT, to compute the SUT to fixture transformation. This only has to be done once for the SUT, as individual objects can then be swapped out.
Almost any object can be used as a reference object, but standard artifacts allow for consistent reporting of results. Figure 6 shows a modular set of standard artifacts designed to represent a variety of shapes and surface features, along with a base plate on which the artifacts can be arranged in different ways. These objects were machined from aluminum with high tolerance; but the models can be constructed from less expensive material or 3D printed. The CAD models of the objects can be openly distributed.
A test report will give the conditions of the test and the test results. The conditions include the date, time, test duration, operator(s), location, system settings, ambient conditions, test object descriptions, and test sequence. The results will include the raw measurements and derived error metrics.
The error metrics use the GTS and SUT measurements compared for each simultaneous measurement event. The current draft is for static pose, so time synchronization is not required. From the GTS measurements we can compute the ground truth estimate of the SUT measure ! ! as (Equation 2):
The pose error can be computed as the difference between ! ! and ! ! both for rotational error and translational error. For translation, the error ! can be computed by standard Euclidian distance between the translation components of ! ! and ! ! , while for rotation the error ! can be computed by Equation 3 using the rotational components (Equation 3):
For a single object, the draft 6DOF standard requires that 4 to 30 measurement pairs be taken from the GTS and SUT. For efficiency, an F-statistic is used to determine if the variance is converging to a stable value. If the variance, ! ! , is stable after n ≤ 30 pairs, the data collection can be halted and the errors reported.
The translation and rotation errors can then be used in four reporting statistics:
• The expected average pose errors, ( ! ) and ( ! ), as compared to the vendor specified performance limits on the expected average errors, !"#,! and !"#,! (Average Error Test),
• The maximum average pose errors, ( ! ) and ( ! ), as compared with the vendor's specified maximum average errors, !"#,! and !"#,! (Maximum Permissible Error),
• The variance of the average pose errors, ! ! and ! ! , as compared with the vendor's specified limit on the variance of the average errors, ! and ! (Precision Error Test),
• The p th quantile of the average pose error as compared with the upper bound on the vendor-specified quantile of the average error (Quantile Error test).
Each of the reporting statistics can be used to determine if the SUT is operating under the performance limits given by the manufacturer. For the Average Error Test, if the SUT manufacturer reports an average translation error of !"#,! it can be tested against the reported average error. If Equation 4 is satisfied, then the device is operating outside the reported performance limit.
The test statistic !,! is compared against the cumulative distribution of the probability density function (PDF) of the tdistribution with probability = 0.05 and degrees-of-freedom = − 1, n the number of poses. The Student's t-test statistic assumes a normal distribution of the errors. However, the procedure is sensor agnostic, so there is no guarantee that errors from either the GTS or the SUT will meet the normality assumption. To compensate, the Average Error Test invokes the Central Limit Theorem to approximate normal distributions by requiring a sufficiently large number of independent sample iterations. The current standard test method uses a statistical test of the convergence of variances to evaluate whether the assumption of approximated normality is valid. This general test procedure was applied during the Solutions in Perception Challenge (SPC) held at the 2011 IEEE International Conference on Robotics and Automation. The procedure used the GT2011 GTS with machined artifacts given applied surface textures.
This general test procedure supports the ASTM Committee E57.02 "Test Method for Evaluating the Performance of Systems that Measure Static, Six Degrees of Freedom (6DOF), Pose" (Work Item ASTM WK31638). This draft standard provides detailed guides on the conditions and conduct of the test procedure.
V. CONCLUSIONS
In this paper, we presented an openly distributed, standardized, sensor agnostic, ground-truth-based test procedure for the evaluation of 6DOF perception systems. We discussed three supporting ground-truth measurement systems: a laser-tracker based system; GT2011, a low-cost machined aluminum fixture system; and, most recently, GT2012, a lasercut, MDF fixture. The laser-tracker ground truth system is used to evaluate the 6DOF pose in Cartesian space. The two, fixture-based systems are intended to provide a priori pose data based on known transformations from a reference position via mechanical offsets relative to a given sensor under test. 
